Introduction
The Valle Umbra (VU) is located in central Italy (Fig. 1) ; since the early 1970s, in the northern part of the VU, defined as Valle Umbria North (VUN), it has been identified as a strategic area for drinking water supply for the Umbria Region and, starting from the '70s, has been widely studied in order to define the potential and quality of the groundwater resource. For many years, geological surveys have covered the whole alluvial valley (Ge. MI.NA., 1962 , RPA Risorse Ambientali, 1984 , Aquater, 1986 , supplemented later by detailed studies focused on specific sectors that wide-ranging studies have indicated as the most significant from a hydrogeological point of view Martini A. 1990 and 1991; Giaquinto S. and Martinelli A. 1991; Giaquinto S. et al. 1991) .
A very early study was conducted by Preziotti A. in 1908: it outlined the hydraulic and hydrochemical characteristics of groundwater and reported data regarding the flow rates of rivers. This study proves that the area had been used for water supply since the beginning of the 19th Century, with more than 100 wells most of which for irrigation use, including some artesian wells rising piezometric level above gruound surface. This led to groundwater emergencies characterized by a particular chemical composition of waters (ferrous and sulphurous). Relevant are the measures of flow rate of Topino river and some other tributaries, too : in these years the Topino river had a flow rate of 2.45 m 3 /s in the final section of its valley. The first and main reference stratigraphic data came from 15 boreholes, made in the alluvial sediments, that reach depths of 150-200 m, in addition to stratigraphic information on the fluvial-lacustrine deposits which came from the drillings of GE.MI. NA, 1962. Further data were provided by geoelectrical prospectingabout 500 VES (vertical electrical surveys)-that were subject to multiple processing and reconstruction of the geometry of aquifer bodies placed at different depths (RPA-Risorse Ambientali, 1984) .
In all of these studies, several pumping tests were carried out in the Cannara field and in surrounding areas, before the withdrawal of drinking water started in 1986.
Hydrogeological investigations with piezometric measures have been carried out since the early 1970s in the northern sector of the VUN; after which investigations were extended to the southern sector of the VUN. The total number of wells monitored for piezometric level by Regione Umbria and local environmental Agency (ARPA) is around 400 in the whole valley.
In 1985, within the definition of a first groundwater flow model (Aquater 1986) , quantitative and qualitative monitoring of groundwater in the Valle Umbra started, encompassing 54 wells (selected from the 400 surveyed) and 16 river cross sections.
In the period [1985] [1986] [1987] [1988] [1989] , in this control pattern, 12 different water samplings were performed to evaluate several water and groundwater physical-chemical parameters.
In 1987, to define the aquifer vulnerability in the northern Valle Umbra (Marchetti G. and Martini A., 1990) , two piezometric campaigns to determine salinity were performed on about 200 wells; later in this area, detailed studies involved the aquifers near Petrignano, Assisi, and the Cannara territory, where monthly monitoring has been carried out on a set of 30 wells since 1990.
More detailed studies were conducted in [1989] [1990] in the Valle Umbra South (VUS), in order to evaluate the aquifer vulnerability, using piezometric measurements and samples from about 250 wells .
The main goal of the research in the VUN and VUS sectors of Umbria Valley was to define situations of incompatibility of the present situation of soil use and start procedures aimed to minimize effects of pollution in progress and the risk of future contaminations, to provide indications about the preferential localization of urban concentrations and productive activities, to design and manage a groundwater monitoring system. This historical database, the results of the monitoring network, additional measurements, and tests on the rivers and groundwater, aimed to define quantitative and qualitative protection of this important water resource, thus keeping the hydraulic conditions of the confined aquifer during pumping, and maintaining quality, since traces of contaminants (nitrates and chlorinated solvents) are present.
With this purpose, a groundwater flow model was implemented to find the optimal rate of water withdrawals, set wellhead protection areas, and the monitoring network for water wells.
Materials and methods
The first step of the study required a detailed reconstruction of the conceptual model, developing new and old data of the area of VUN in which the Cannara wells field stands.
A more detailed knowledge has been set in the area occupied by the Cannara confined aquifer, with the aim of assessing the best sustainable use and protection of groundwater.
Geology and hydrogeology of the northern Valle Umbria
The VU is located among the Monti Martani mountains and the eastern massifs of Monte Subasio-Monti di Foligno and Spoleto, and extends for about 330 km 2 .
The main rivers in the VUN area, that reaches an extension of about 180 km 2 in the territory of the plain, are the Maroggia River in the south, the Topino River in the central portion, and the Chiascio River in the North.
The eastern VUN portion is made up mainly of Mesozoic carbonate formations of the Umbria-Marche series, changing to the west to alluvial deposits with interposition of thick blankets of debris (AA. VV. 1991 , Boscherini A. et al. 2005 , Regione Umbria, 2007 .
Cenozoic flysch units outcrop along the eastern and western boundaries of the VUN, forming the bed of the alluvial and lacustrine deposits.
Alluvial deposits (Pleistocene-Holocene), which characterize the surficial units of the entire valley, are made up of mostly sandy-gravel materials, locally topped by thick and extensive clay deposits, as in the Cannara and Foligno areas. The alluvial complex is more than 150 m thick in areas of alluvial fans of the River Chiascio, Topino, and Maroggia.
The bed of alluvial units is generally formed by fluvial and lacustrine deposits, and marine deposits (Plio-Pleistocene) of clays and silty clays.
Alluvial deposits appear to be highly permeable, since they are composed mainly of sand and gravel and usually host free groundwater aquifers and, locally, aquifers under pressure (like Cannara). Transmissivity values of these deposits, obtained through the revision of former tests and the execution of new pumping tests, average between 10 -3 -10 -2 m 2 /s, with a maximum of 6·10 -2 m 2 /s.
Along the eastern side of the valley a complex of detrital deposits (Pleistocene-Holocene) consisting of gravels and sands of continental origin.
Travertine deposits (Pleistocene-Holocene) outcrop locally along both sides of the valley, thus testifying to the rise of waters with high carbon dioxide content along tectonic extensional alignments (Pliocene-Quaternary); these deposits are permeable both for porosity and for fracturing, with transmissivity up to a maximum of 10 -3 m 2 /s.
The Cannara confined aquifer
Reconstruction of geological cross sections (i.e. Fig. 2 ) and maps using several stratigraphic data allows the identification of the 3D geometry of two aquifers (shallow and deep) in the Cannara field, having an area of about 40 km 2 and terrestrial elevation among 180-190 m a.s.l. ; all data were processed using geostatistical methods.
The shallow aquifer is contained within coarse horizons (gravel and sand), placed into the surface layer of a silty-claysandy nature, at a depth of 9-12 m below ground level. The shallow aquifer system (unconfined or semi-confined) reaches greater depths in the central sector of the VUN and in the upstream sector of Foligno, where it can reach depths of more than 30 m.
The base of the shallow aquifer system has been identified in the alluvial portion of the first significant silty-clay horizon, found at a depth of about 5 to 38 m below ground level.
Rainfall and smaller streams and watercourses provide recharge of the shallow aquifer.
Hydrometric and surface water flow measurements were carried out to highlight variations due to interference with groundwaters of the shallow aquifer. The hydrometric sections measured during two tests performed in year 2011 were: n.5 into Topino river, n.1 into Attone river, n.1 into Molino channel, n.1 into Chiona di Spello channel (tributaries of Topino river) and n.3 into Ose river. It resulted that these watercourses have different behaviors since in some sectors they drain while in other ones they recharge the shallow groundwater.
The thickness of the silty-clay horizon (aquitard or aquiclude) between the shallow and deep aquifer, useful for the evaluation of possible flow rates of exchange (by leakage) between the two aquifers in the subsoil, reaches an average thickness of about 29 m, and a maximum of about 87 m.
The thickness trend is quite uneven, with increasing thickness towards the north-central sector of the valley, on the right bank along the course of the Topino River, especially near the well field.
At depths of 30-40 m, some permeable horizons of the deep aquifer (both confined and artesian) reach the clay substrate (Plio-Pleistocene age), found at even higher depths in the median part of the valley and reaching a maximum of 194 m below ground level.
The Cannara alluvial aquifer is a permeable elongated body roughly parallel to the Topino River, with a rather high average thickness of sediments (100 m), which quickly tapers toward the boundaries of the valley.
For reconstruction of the base of the aquifer, stratigraphic data have been integrated with the results of the geoelectrical surveys.
The structural base of the confined Cannara aquifer deepens because the sides towards the middle sector of the Topino River valley are more marked on the left side than on the right side.
The depth ranges between a minimum of about 0 to 10 m a.s.l. in the central sector stretched to the river, and a maximum of 200 to 220 m a.s.l. near the lateral boundaries where the base outcrops and corresponds with the ground level. At the Cannara well field, the base of the deep aquifer system is at approximately 20-55 m a.s.l. (130-165 m below ground level).
The recharge area of the Cannara confined aquifer is into the alluvional fan deposits located in the sector where the Topino river enters into the VUN (Fig. 1) . The groundwater flow is limited towards the North-West sector near the Chiascio river because there is a gradual reduction of aquifer thickness due to the progressive approach of the impermeable substrate to the topographic surface. Into the VUN area there is not recharge of the confined aquifer by surface watercourses. Only in the area North of Cannara aquifer there are semipermeable deposits that can allow exchange between shallow and deep aquifers.
Several pumping tests (11) in the Cannara wells were performed to characterise hydrogeological parameters, and data about the specific capacity of many other wells were also processed.
The transmissivity values obtained were generally higher than 10 -2 m 2 /s, and only lower in a few cases; hydraulic conductivity was in the range of 10 -4 -10 -3 m/s and storage coefficient of 3.6·10 -4 -4.2·10 3 .
The highest values of the hydrogeological parameters of confined aquifer are found in the area between Monti Martani and Topino river, before its confluence into the Chiascio river.
In the piezometric map ( Fig. 3 ) it can be observed that, upstream of the confined aquifer system, piezometric levels are substantially unchanged compared to previous years at approximately 196 m a.s.l., while towards the Cannara well field there is a marked piezometric depression sat near wells n.3 and n.ex 1, with minimum piezometric levels of less than 168 m a.s.l. (Fig. 4 ). This is due to an increase in withdrawals from the Cannara confined aquifer that grew from 117 l/s (in year 1989 due to irrigation wells) to values above 380 l/s after activation of all drinking wells of Cannara field (average flow rate ranging from 140 to 270 l/s in the period ). An analysis of the piezometric level registered at the same time in the shallow aquifer reveals that the hydraulic head within the shallow aquifer is generally higher (up to 12-24 m) than that in the confined aquifer, pumped by the Cannara wells), except for in the south-eastern area where the difference is less than one meter.
An example of piezometric level fluctuation recorded in a shallow (VUM16) and a deep well (VUM 104) located inside Cannara wells field is shown in Fig. 5 .
A large part of the groundwater is of the bicarbonatealkaline earthly kind, thus showing that the main geochemical process is the dissolution of carbonate rocks. There is an alkaline enrichment trend (in particular sodium, sulphates, and chlorides), clearly evident in the confined aquifer of Cannara, due to ion exchange processes in the clay matrix of the aquifer system.
With very few exceptions, the Eh-pH diagrams show that samples from alluvial aquifers range from absolute neutral conditions to light solutions (neutral or slightly alkaline). The samples with the most reducing conditions belong mainly to the confined Cannara aquifer and south Valle Umbra.
Land is predominantly for agriculture, with intensive use of fertilizers and pesticides, while urban settling and industrial activities are scattered throughout the territory.
The monitoring network reports an increase of nitrates in high concentrations in the shallow aquifer, particularly in sectors that are the recharge area of the confined aquifer system of Cannara, which is a worrying fact (ARPA Umbria 2010a).
According to a piece of ARPA research (ARPA Umbria 2010b) the presence of chlorinated solvents (Tetrachloroethylene) is due to various sources of contamination, mainly along the eastern edge of the valley where potential sources of groundwater pollution have long since been present.
Groundwater flow model of the Cannara wall field
Since the 1990s, two different groundwater flow models of the Valle Umbra have been implemented (Aquater-RPA 1996, and Falcone M. et al. 1991) .
Recently, a new and updated groundwater flow model has been developed (EG Engineering Geology 2014) with a study 
Model design and calibration
The modelled domain has been divided horizontally using a grid of 260 rows and 340 columns, for a total of 88,400 cells (for each layer) and a size of 50x50 m.
For vertical discretisation, three layers have been defined based on the conceptual model developed using previous data (boreholes, well logs, geophysical prospecting and geological cross section):
• Layer 1 -shallow aquifer in connection with surface water, specifically the Marroggia River in the Southern Basin, the alluvial fan of the Topino River, and Ose Creek in the central area; it ranges between 190 m a.s.l. South and 160 m a.s.l. NW along the section of closing of the underlying groundwater confined aquifer, near the Chiascio river.
• Layer 2 -low permeability strata (silt-clay) that confines beds between the shallow and deep aquifer system; it has a thickness ranging between 10 at South near the Topino river and a maximum of about 90 m in correspondence of Cannara wells field, then it reduces again down to values of about 10 m towards North; • Layer 3 -confined aquifer in Cannara in the central sector of the valley; the bottom of the aquifer is found at a depth of 180 m a.s.l. in the southern sector of the aquifer while it rises up to 40-20 m a.s.l. near Cannara wells field and then down again at 140 m a.s.l. towards the closing section of the aquifer, NW near the Chiascio river. Available data thus reveal that the Cannara confined aquifer is closed toward Northeast. For boundary conditions, the following were assumed (Fig. 6 a and Fig. 6 b) :
• in the upgradient sector of groundwater: General Head Boundary conditions for the shallow and deep aquifer; • foothill areas -western border of Cannara wells: specified flow rate (into shallow aquifer) and no flow boundary (into deep aquifer); • foothill areas -east and west body of Bevagna: specified head condition obtained from piezometric maps (shallow and deep aquifer); • outflow downgradient: boundary conditions like the GHB type for the shallow aquifer, and specified flow rate (no flow) for the deep aquifer since the thickness of the confined aquifer decreases significantly in this sector, falling down near to zero; in fact, historically in the absence of intensive pumping the piezometric level of confined aquifer was above ground level (see also Preziotti A., 1908) . Using data from pumping tests and other well tests, the distribution of the hydraulic conductivity has been mapped using geostatistical methods for the parametrisation of aquifers, aquitards, and aquicludes. At first processing, calibration in a steady state was set to the hydrologic conditions of May 1989, that is, before the activation of the Cannara wells for drinking water. In that period the withdrawal of existing wells was estimated at 50 l/s. In fact, in the present application the crucial timedependent stress is due to withdrawals in the Cannara well field, with a discharge ranging from 100 to 300 l/s.
Calibration was set using three criteria: 1) comparison between observed and simulated piezometric maps, 2) piezometric map of confined aquifer is drawn in Fig. 7 . The sensitivity analysis carried out on the different input parameters used in the model reveals the importance of the hydraulic conductivity of the confined aquifer in determining the piezometric level lowerings, as a result of pumping from Cannara wells field; a possible improvement in the results of the calibration model could be achieved by pursuing further groundwater monitoring and with new stratigrafic informations available in consequence of future drilling to better map the conceptual model of the subsoil. The water balance obtained in the absence of pumping from Cannara wells field is shown in Table 2 . 
Tab. 2 -Water budget (l/s) referred to modelled aquifers (shallow and confined) without withdrawals of Cannara wells field (model calibration -May 1989).
Tab. 2 -Bilancio idrico (l/s) riferito agli acquiferi modellati (superficiale e confinato) senza i prelievi del campo pozzi di Cannara (calibrazione del modello -maggio
1989)
In a following phase transient simulations were regarded to two periods due to the availability of a different monitoring data set over the years managed by Consorzio Acquedotti Perugia (currently Umbraacque S.p.A.) and ARPA Umbria (Regional Environmental Protection Agency): (1) from May 1989 to April 1999 (Transient period n.1); and (2) from May 1999 to December 2011 (Transient period n.2). The simulation time was divided into stress periods lasting six month each since monitoring of groundwater networks is performed twice in the year: once during irrigated land period (from May to October) and then during non-irrigated land period (from November to April).
During the two transient simulation periods the number of Cannara pumping wells differs.
At the monthly scale, withdrawals for irrigation increase by about 34% (120 l/s) more than the average (from May to October); this estimated value is related to some specific and punctual data, having no quantification of total withdrawal for irrigation; similarly the value was reduced by 66% (75 l/s) considering the other types of groundwater withdrawals, too.
The Topino and Ose rivers were modelled with River Package, with sections discretised into cells with the same surface water behaviour (recharge, drainage, or indifferent) based on hydrometric measures.
The measured-simulated piezometric data in n.11 calibration targets were processed and the calculated versus observed head graphs referred to well n. 309 during the transient simulation is shown for example in Fig. 7 .
The graph shows a greater correspondence between simulated and measured piezometric levels during the nonirrigated period, because of the approximate nature of data about pumping water for agricultural use.
During the first period of activation of Cannara wells field the increase of pumping from 156 to 240-250 l/s causes the drying up of the confined aquifer and the change in water budget during the irrigated period of summer 1998 is shown in Table 3 . The infiltration term including the recharge for irrigation reaches high values in the shallow aquifer, while the rate of output from the GHB decreases.
On the contrary, during non-irrigated winter period the water balance is changed as shown in Table 4 .
The water storage takes place almost completely into the shallow aquifer while the supply of groundwater to watercourses increases 
Water budget Total input Total output

Tab. 4 -Water budget (l/s) during winter period -year 1994.
Tab. 3 -Bilancio idrico (l/s) nel periodo estivo -anno 1998.
Tab. 4 -Bilancio idrico (l/s) nel periodo invernale -anno 1994. The flow model was implemented with operational goals, trying to produce a first tool for management and protection of an important groundwater resource that could subsequently be improved. This preserving a scientific approach of sequence of work stages, starting from the conceptual model and checking the compliance between experimental and simulated data, with particular reference to piezometric trends in space and time. By comparing the results of a large number of detailed simulations of different scenarios, a withdrawal of 200 l/s considering an average condition for the water budget was selected for the reasons explained below.
Water budget Total input Total output
Water budget
A processing produced a simulation carried out by inserting the 200 l/s from the Cannara public wells (average water withdrawal), obtaining a piezomeric map in Fig. 8 and a water budget reported in Table 5 , which emphasizes the establishment of a new balance between input and output flows in the aquifers
The comparison among the data brought in Table 2 and 5 allows the following observations about the total values of water budget:
• Constant head: increase of 26.5% in input terms and reduction in output terms of 6.3%.
• Interaction with surface water: contributions from surface waters into the shallow aquifer increase by an order of magnitude.
• GHB: significant increase of 162% in input flow terms.
• Leakage: percentage values of increase of input and output terms remain roughly the same (79%) • Lateral Groundwater inflow: reduction of input terms of about 90%.
In the history of exploitation of Cannara wells, a significant drought forced a major water withdrawal, which caused a significant lowering of the groundwater level.
For this reason, a first sustainable withdrawal strategy was evaluated in order to preserve this important aquifer in the Umbria Region from a quantitative perspective.
By modelling a steady and transient states, an attempt was made to identify the sustainable withdrawal rate from the Cannara wells, pumping from the deep aquifer.
The various simulations implemented (not shown below for aim of simplicity) suggest that even a prolonged withdrawal with a rate of 200 l/s does not induce noticeable drawdowns in monitoring piezometers, such as:
• increase of leakage effect and inflow of groundwater from the shallow aquifer; • a partial desaturation of the deep aquifer (passing from confined to partially unconfined). Both of these situations may cause a reduction in aquifer potential capacity, and a deterioration of groundwater quality.
This average flow rate of 200 l/s has been deduced not only from the modeling processes carried out, but also from the analysis of the hystorical data of piezometric measurements from the year 1990.
The piezometric level compared with the average withdrawal rates illustrate the aquifer response to changes in pumping of the Cannara public wells, with excursion of values up to 10 m passing from 155 to 270 l/s. This value of withdrawal (corresponding to over 6.3 million m³/year) must be considered at an annual average rate and then adjusted during the reference period; in fact, higher flow rates may be eligible for short durations, under conditions to be followed by periods with lower flow rates, so as to respect the average annual value.
Use of a groundwater flow model for the protection of wells in the Cannara aquifer
The implementation of the groundwater flow model had the purpose to outline the wellhead protection areas of Cannara wells field, too.
The relevant government regulations for wellhead protection areas are the "Decreto Legislativo n. 152/2006", the "Accordo Stato-Regioni December 12 th , 2002", and the "Delibera della Giunta Regionale Umbra n.1968 December 22 th , 2003" at local level.
There are areas with prohibitions and regulations for activities and settlements. Starting from the single well, these areas are divided into: absolute protection zone, respect zone (divided into restricted and enlarged), and protection zone, on the basis of geometric or chronologic criteria of delineation.
A geometric criterion is applied for a wellhead absolute protection zone: a fixed radius of 10 m around the wells. For a wellhead respect zone, the chronological criteria are defined using a "time-of-travel capture zone" of 60 days for a restricted area, and of 365 days for an enlarged one.
Two rules are stated for the respect zone: static protection (constraints on activities and settlements) and dynamic protection (monitoring groundwater inflow and surficial anthropogenic activities), according to guidelines proposed by Beretta G. P. et al. (2003) .
For the delineation of wellhead protection areas, the Particle Tracking Method was applied using the numerical code PATH3D (Zheng C. 1988), and for this purpose the output of the flow model, implemented using the code MODFLOW, was interfaced with software which reconstructed the trajectories of particles, and computed the travel time.
Wellhead protection areas are designed to operate in two different scenarios for the Cannara well field: A) a pumping rate of 200 l/s (optimised withdrawal) and B) a pumping rate of 280 l/s (maximum withdrawal).
In Fig. 9 , the time-related capture zone boundaries for 60 and 365 days in scenario A are shown.
A specific survey was conducted to identify the main facilities and activities that may degrade water and groundwater quality, providing guidance for their accommodation and for the revamping of old wells in the area (for drinking or irrigation water), too.
In respect zones, areas extending to about 0.5 km2 are identified as grazing and/or livestock housing, land cultivation, areas for production activities, sewer lines and areas without sewer lines, parking, roads, and private wells. Compatibility and risk mitigation measures were assessed for activities and settlements.
For the protection zone (about 3608 ha) a preliminary area is proposed of approximately 1 km over the perimeter mapped as the "limit of the confined aquifer system of Cannara" in the regional study (Regione Umbria 2007) .
Since 1998, a groundwater monitoring network has been maintained by ARPA Umbria (2000) in the Valle Umbra (as a part of the interregional project, PRISMAS); the network has subsequently been optimised and adopted as a Presently, for groundwater monitoring of the Cannara aquifer, there are only seven points with periodic measurements, and four points with continuous measurement equipment and automatic readings; none of them tracking the closing section downgradient of the Cannara wells and the eastern boundary of the confined aquifer.
For these reasons, the integration of the existing monitoring proposed network provides:
• n.1 piezometer in the shallow aquifer in the area of the Cannara deep aquifer, to evaluate the different response of the water table and piezometric levels to recharge and well withdrawal; • n.1 piezometer in the shallow, and one piezometer in the deep aquifer, placed laterally to the main valley to the limit of the aquifers (hilly area); • n.1 piezometer in the deep aquifer in the closing section downgradient of Cannara well field.
Discussion
Strategic resources for drinking water supply have a limited distribution within a territory, and therefore their use should be appropriately studied and regulated.
The Protection Plan of Regione Umbria (Regione Umbria 2009) identifies the main categories of water-bound points for human consumption, which must be divided into A) points of strategic importance, B) points of general importance, and C) locally important points. The Cannara wells are type A, being a well field characterised by a reservoir of more than 6000 inhabitants with a withdrawable flow rate greater than 30 l/s, and these groundwaters are not currently substitutable with other supply sources.
Some concepts have been applied to Cannara confined aquifer recognizing the need to ensure an adequate water supply in the short and medium term, while further investigations and insight studies will need to assess the longterm exploitation of groundwater resources at regional and national levels, considering the impact of climate change on groundwater resources, too
The issue of sustainability of groundwater exploitation has been addressed for over a century, passing from "safe yield" (Lee C.H. 1915) When new conditions are induced in a hydrogeological basin, such as withdrawals of groundwater from wells, there exist transitional conditions, later evolving towards a pseudo steady state if the withdrawal rate is constant in time.
Activation of withdrawals in the deep aquifer of Cannara in 1989 caused an unavoidable reduction of piezometric levels.
In the ecosystemic approach suggested by RIZA-RIVM (1991), the effects of withdrawals do not alter the base flow of surface waters, wetlands, and flora and fauna that depend on them.
For these reasons, a scenario allowing the preservation of the confined condition of the Cannara aquifer was selected from the model, with a total pumping of 200 l/s from the wells.
This rate, probably overcome for a limited period only in emergency conditions, does not increase the leakage effect and inflow of groundwater vulnerable to pollution from the shallow aquifer, and does not induce a change in the deep aquifer hydraulic properties, moving out of confined into partially unconfined.
Keeping a sustainable yield and almost constant piezometric levels would also allow the reduction and stabilisation of the subsidence in the area, which is estimated using the SBASDInSAR Technique as 6-8 cm at the centre of the well field after nearly 12 years of activity (Guzzetti F. et al. 2009 ).
National and regional rules define the groundwater wellhead protection area to preserve the use of groundwater for drinking.
The solution recommended for confined aquifers is an integrated approach to detect the presence and degree of its confinement (U.S. Environmental Protection Agency 1991), according to the results of a previous study.
A geological approach using reconstructions of geological maps of the surface and geological sections verified the presence of a protective surface horizon, with thickness ranging from 29 to 87 m, able to confine the aquifer. The geometry of the confined aquifer was tracked, with reconstruction of its top and bottom.
In the hydrogeological approach, piezometric maps identify confinement groundwater conditions, previously artesian conditions, with groundwater level about 3 m above ground level. Values of the storage coefficient calculated from pumping tests are typical of a semiconfined/confined aquifer (10 -3 -10 -4 m/s) and the piezometric depression induced by pumping extends for several kilometres and very quickly due to the high value of hydraulic diffusivity.
In the hydrochemical approach, natural characteristics of the water consist of negative values of Eh and lack of dissolved oxygen in groundwater, thus identifying a redox environment, as well as the mobilisation of iron in solution.
Despite high environmental pressure due to intensive agriculture, nitrate values are generally low (less than 5 mg/l), while ammonium ions are present. Low µg/L values of chlorinated solvents in a confined aquifer are traced back to feeding grounds in the eastern side (paleo -alluvial fan of the Topino river), to the partial communication with the overlying unconfined aquifer in a small area, and to well structure ( ARPA Umbria 2010a and 2010b 2012 .
Distance, drawdown, time of travel, flow boundaries, and assimilative capacity are suggested as criteria for the protection of wells in the confined aquifer.
Since groundwater inflows from the bodies and from the overlying unconfined aquifer induce the presence of traces of anthropogenic contaminants, the approach based on time of travel has been selected for the Cannara wells, as suggested by the U.S. Environmental Protection Agency (1991) , by applying the static and dynamic protection criteria stated by Italian rules.
The complexity and heterogeneity of the subsoil, with a multi-layered structure, required the implementation of a groundwater flow model using the code MODFLOW (Harbaugh A.W., 2005) interfaced with the computing code PATH3D (Zheng C. 1988) , to track the pathlines and timerelated capture zone.
Results from modelling allow the identification of some aspects of sustainable use of the Cannara well field, avoiding a change of hydraulic conditions (from a confined to unconfined aquifer) due to groundwater withdrawals.
Conclusion
In Regione Umbria, the water supply is generally guaranteed by springs in the limestone massifs and from wells in the valley, especially in Valle Umbra and in the valley of the Tiber river.
Springs have a considerable rate, even more than hundreds of l/s, but they are very vulnerable to climatic drought events and, in the long term, could be affected by climate change; significant rate reductions occurred, for example, in 2003, resulting in a water supply crisis.
For this reason, the flow of groundwater in porous media in the valley is of great importance, and allows the management of emergency situations.
Wells undergo critical situations as they can suffer overexploitation and contamination from anthropogenic sources (urban, industrial, and agricultural), especially in valley areas.
In the northern part of the Valle Umbra, there is the unique and important resource of the Cannara confined aquifer, known for over a century and exploited first for irrigation purposes, and then for drinking water.
The analysis of flow conditions and groundwater withdrawal required a revision of all geological and hydrogeological data previously available, as well as integrative surveys: pumping tests, hydrometric and piezometric measurements, and water analysis.
All data were processed using geostatistical methods, and then used for the implementation of a groundwater flow model (by MODFLOW), mainly aiming to define a first sustainable withdrawal and wellhead protection areas.
The sustainable withdrawal, in quantitative terms, could be defined as the maximum pumping rate that can be maintained indefinitely without affecting the groundwater reservoir, and is different from the concept of natural undisturbed flow, because it assumes the concept of sustainability in a broader sense.
The assessment of the "Sustainable Pumping Rate" for the case was conducted by means of a numerical flow model calibrated both in undisturbed conditions without withdrawals from drinking wells (steady state model of May 1989), and in conditions of exploitation (steady state and transient model).
Modelling of the steady state allowed the checking of the conditions of the initial groundwater balance, while the following transient simulations were run to analyse the specific time of aquifer emptying (high withdrawals and low rainfall) and of the subsequent aquifer recovery (low withdrawals and heavy rains).
The average annual pumping rate of 200 l/s, assumed to be sustainable in the short-medium term, was settled not only by modelling calculations, but also by analysis of experimental data of piezometric measures.
Different calculations performed suggest that even a prolonged withdrawal with this magnitude does not induce a significant fall in levels into monitoring piezometers that may:
• increase the effect of leakage from shallow aquifer, keeping it within an acceptable rate which does not affect the circulating flow rate into the most surficial portion of the aquifer, and into the surface drainage network; • avoid a partial desaturation of the confined aquifer, which would lead to deterioration in the quality of water resources. Authorised withdrawal of up to 300 l/s must cover periods of peak demand for adverse weather events (drought) or other specific emergency situations, but it seems not to be sustainable in the medium term.
It is recommended to implement additional model simulations in order to cover the effects of other forcing factors that may affect water budget terms, such as both the recharge due to meteoric regime modified by the climate change and the use of land due to changes in the structure of agricultural activities and urban settlements over time.
On the qualitative side, wellhead protection areas have been drawn with the travel time method (using PATH3D code), usually suggested for semiconfined-confined aquifers, especially for the respect zone.
Potential point and non-point sources of contamination within the areas have been identified, and remedial solutions have been proposed, according to the "static protection" principles of Italian rules.
The monitoring system has been revised in order to control these areas, adding piezometers in the shallow and deep aquifer in the critical areas, according to the "dynamic protection" principles of Italian rules.
Contaminants may come from recharge areas to the east and from areas where the deep aquifer is semiconfined, to the north; at present, deep waters contain traces of chlorinated solvents.
